The finite element analysis of sheet forming processes needs precise and reproducible data of the tribological conditions, which influence the material flow during the process. In this work the friction coefficient and its dependency on the hardness and surface topography of the blank are investigated. The selected materials are four steels with different surface qualities and coatings, FeP04, ZStE340, DP450 and TRIP800, which are joined by laser welding. Moreover, each material both with and without weld seam, was tested at three different values of normal contact pressure in a strip drawing test. The topography of both the base material and the weld line was obtained by measuring the surface roughness and implementing the data in a surface analysis software. Micro-hardness profiles along the tailored welded blanks were also determined. The strip drawing test was used to measure the friction coefficient between sheet metal and tool both in the case of tailored welded blanks and base material. The comparison between the results obtained for base materials and tailored welded blanks shows that the presence of the weld seam causes a clear increase of the friction between blank and tool.
Introduction
Tailored welded blanks are commonly used in many industrial applications, in particular for automotive frame structures [1, 2, 3] . Therefore different methods for the characterisation of their mechanical properties and their forming limits have been developed, in order to determine precise data to be used in the FE-analysis [4, 5, 6] . On the contrary, the friction properties of tailored welded blanks, which are also very important in sheet metal forming, and especially in some emerging processes like hydroforming [7] , have not yet been investigated. This paper presents results of first investigations concerning the tribological behaviour of tailored welded blanks. The friction coefficients between blank and tool for four different materials and also for tailored welded blanks produced by welding two strips of the same material are measured using a strip drawing machine. These results are compared and discussed also considering the surface properties of the materials and of the weld seam, like micro-hardness and roughness.
Material Characterisation
Four steel grades were chosen for the experimental investigations: the deep drawing steel FeP04 and three high strength steels with different mechanical (tensile strength R m ), microstructural (micro-hardness HM0.2) and surface (average roughness R a ) properties (Table 1) . Specimen preparation. The dimensions of the strips needed for the drawing test are 30x500 mm 2 . The tailored welded blanks were realised by welding together two strips, each 15x500 mm 2 , using an Nd YAG-Laser with 2 500 W power and a velocity of 0.05 m/s (Fig. 1) . All the strips were previously obtained by cutting with a CO 2 -laser. The specimens, for both strip drawing tests and material characterisation, were welded using the same laser parameter and the same blank geometry. Micro-hardness measurements. The micro-hardness measurement was chosen in order to evaluate not only the hardness of material and weld seam but also the hardness profile along the transverse section of the welded blanks. The measurements were carried using a Fischerscope equipment (Fischer) with automated indentation system. Relating to the indentation depth, values of Martens hardness (HM0.2) can be calculated automatically for a given array of measurement points along the sample [8] . An array of hundred points at a distance of 0.1 mm in the middle line of the section was defined as measurement area and the resulting profile for FeP04 is shown in Fig. 2 -a. In this diagram, and in the correspondent micrograph, a further area between weld seam and base material, the so called heat affected zone (HAZ) can also be recognised. The hardness slightly increases when moving from the base material into the HAZ, it is then constant in an area of about 0.1-0.2 mm and reaches a maximum in the weld seam. The width of the weld seam depends on the material, but is in general between 1.5 and 2.1 mm. Fig. 2-b shows a summary of the micro-hardness values for all four base materials and weld seams. As already seen for FeP04, the micro-hardness of the weld seam is higher than that of the base material. Moreover, this increase of the hardness due to the formation of martensitic structures is more relevant for high strength materials like DP450 and TRIP800. Surface analysis. The surface topography of the welded materials was investigated using the µSurf (NanoFocus) optical system. Looking at the reconstruction of the sample surface obtained with the software Winsam for DP450 (Fig. 3) , it is possible to identify five different regions: base material, weld seam, HAZ and two transition regions, the first between HAZ and weld seam (burr), the second between HAZ and base material (boundary area). The surface presents very small and frequent peaks in the base material, higher and rarer peaks in the weld seam. Between weld seam and HAZ the profile is very irregular, because of the burr, which forms during recrystallisation after the welding process, and shows deep cavities on both sides. On the contrary in the boundary area between HAZ and base material the surface seems to be very flat. This is probably due to the melting of the surface coating and its following solidification. ZStE340, which has no surface coating, shows in fact no boundary area and even between HAZ and base material there is almost no difference in the topography. For FeP04 and TRIP800 characteristics similar to DP450 were observed. These five regions can be observed also in the micrographs of the weld seam area shown in Fig. 9 -a. This trend is partially confirmed by the roughness measurement carried out in three regions using a Perthometer PGK (Mahr). Fig. 4 shows in fact how the average roughness R a is only slightly higher in the weld seam than in the base material. It reaches very high values in the burr for FeP04 and TRIP800, but not ZStE340. DP450 shows an unexpected low R a value in the burr, but with an extreme high standard deviation, also evident for FeP04 and TRIP800. This is probably due to the very irregular roughness profile in the burr and to its extreme reduced width.
Having the different areas different surface properties, the friction coefficients will depend on which region will have the main contact with the tool during the strip drawing test. Because of the higher unevenness of the surface, the contact between tailored blank and tool will probably take Advanced Materials Research Vols. 6-8place mostly in the area of the weld seam and of the burr and the friction coefficients are thus expected to be higher than in the case of homogeneous blanks Fig. 4 . Roughness values in three areas of the tailored welded blanks
Experimental Set-up and Method
The strip drawing machine used for the experimental investigations is shown in Fig. 5 , together with some technical data. One extremity of the strip is hold by a clamping device connected to an axial cylinder, which can pull the strip at a given velocity (constant for all the test and set equal to 18 mm/s). Load cells placed in normal and transversal direction can measure the normal and tangential forces F N and F T respectively. Systematic tests were carried out on all the four materials, both with and without weld seam, at three different values of contact pressure (5, 10 and 20 MPa) using the fluid lubricant Oemeta IHV 36. (
The F T taken into account for the calculation of µ is the mean value of the transversal force in the range between 25 and 90 mm of the total displacement (Fig. 6) , where the force value reaches a During the tests with welded blanks, in particular at high contact pressure, some particles were often removed from the seam or from the burr and were cold welded on the jaws surface. This material had to be removed after each test in order to take the jaws back to the initial conditions and ensure the reproducibility of the experiment. The friction coefficients measured in this way will not refer only to the weld seam and the HAZ, but are integral friction coefficients for a 30 mm width with a 2 mm weld seam in the middle. This aspect has to be taken into account if these values have to be used in the FE-analysis of a forming process. Fig. 7 shows the results for FeP04 and DP450 with both base material and welded blanks. As already reported earlier [9, 10] the friction coefficient decreases for increasing contact pressure and this trend is confirmed also for welded blanks. In fact the presence of the seam produces a strong increase of the friction coefficients, but the difference between base material and welded blanks decreases with increasing contact pressure. This is probably due to the elevated hardness of the weld, which requires a high contact pressure in order to be flattened. Therefore the roughness conditions for having an optimum lubrication [11] are reached in the case of welded blanks at higher contact pressure than in the case of homogeneous material.
Fig. 6. Transversal force F T vs. displacement

Results and Discussion
A similar behaviour can be observed in Fig. 8 for TRIP800 and ZStE340, even if the latter shows a high friction coefficient already in the base material. This means that in general the galvanic coatings improve the friction properties of steels by reducing the friction coefficient blank tool. During the welding process, the coating evaporates and is removed from the weld seam and the HAZ, which cannot therefore benefit from the surface improvement like the base material. This results in a strong increase of the friction coefficient and explains also why the difference between welded and base material is much lower in case of uncoated steel. In this case in fact, the increased friction has to be attributed only to the worse surface conditions of the welded blanks. For tailored welded blanks made out of TRIP800 and ZStE340 it was not possible to measure reliable data at contact pressures higher than 10 MPa, because of damages and plastic deformation of the strips. Their high friction coefficients, together with a localisation of the contact pressure on small portions of the strip (see Fig. 9 ), probably caused stress concentrations in transversal direction, which reached the yield stress of the material. This suggests that the strip drawing test has a range of application which is limited to low contact pressure values, especially when working with complex tribological systems, like tailored welded blanks-tool. In order to investigate these systems at higher contact pressure values other tests are probably more suitable [10] . The contact area between jaws and sheet in case of welded blanks is not uniform distributed on the whole blank width, but is localised in smaller areas, because of the uneven profile of the weld seam. Fig. 9 shows some micrographs of a strip of DP450 before and after the test, in which the location of these areas can be recognised. After the test the blank presents in most cases a damaging of the surface in the middle and outer regions (Fig. 9-b) . This phenomenon can be also responsible for the high standard deviation observed for welded blanks, because different contact conditions for samples with the same composition can lead to different friction coefficients even if all the other parameters are maintained constant. The micrographs of Fig. 9-b show how the flattening of the surface took place in the region from the boundary area to the weld seam, while the base material is almost in the initial conditions, except small areas close to the seam and to the strip edge. This makes the interpretation of the friction coefficients measured in this way not easy, because it is not
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certain which portion of the friction force was due to the contact base material-tool and which portion to the contact weld seam-tool. Nevertheless it can be assumed that the contact behaviour of a tailored welded blank during a forming process would be similar and that the friction forces acting in the vicinity of the weld seam can be thus modelled by the friction coefficients measured in these investigations. Fig. 9 . Strip surface analysis: a) before the test; b) after the test
Summary
In this paper first investigations concerning the tribological behaviour of tailored welded blanks were carried out. Four steel grades were taken into consideration and investigated, both as base material and as welded blanks made of the same material. An analysis of the topography of the tailored welded blanks has shown the complexity of the surface profile, in particular for galvanised sheets. The average roughness varies in fact from the base material through the HAZ into the burr and the weld seam, influencing the contact conditions and thus the calculation of the friction coefficients. Also the hardness of the weld was considered and it was seen to be important for the dependence of the friction coefficient on the contact pressure. The peaks of the weld seam, much harder than the base material, need in fact higher contact pressure to be flattened. Friction coefficients for the contact blank-tool and welded blank-tool were measured at three different values of contact pressure. Because of the higher friction coefficient and complexity of the tribological system the contact pressure of 20 MPa was seen to be already the limit at which reliable results can be obtained with the strip drawing test. The values measured can be used in the FE-analysis of forming processes like for instance deep drawing or sheet hydroforming, in order to describe the friction in the region close to the weld seam. 
